Abstract. Niobium hydride is suspected to be a major contributor to degradation of the quality factor of niobium superconducting radio-frequency (SRF) cavities. In this study, we connect the fundamental properties of hydrogen in niobium to SRF cavity performance and processing. We modeled several of the niobium hydride phases relevant to SRF cavities and present their thermodynamic, electronic, and geometric properties determined from calculations based on density-functional theory. We find that the absorption of hydrogen from the gas phase into niobium is exothermic and hydrogen becomes somewhat anionic. The absorption of hydrogen by niobium lattice vacancies is strongly preferred over absorption into interstitial sites. A single vacancy can accommodate six hydrogen atoms in the symmetrically equivalent lowest-energy sites and additional hydrogen in the nearby interstitial sites affected by the strain field: this indicates that a vacancy can serve as a nucleation center for hydride phase formation. Small hydride precipitates may then occur near lattice vacancies upon cooling. Vacancy clusters and extended defects should also be enriched in hydrogen, potentially resulting in extended hydride phase regions upon cooling. We also assess the phase changes in the niobium-hydrogen system based on charge transfer between niobium and hydrogen, the strain field associated with interstitial hydrogen, and the geometry of the hydride phases. The results of this study stress the importance of not only the hydrogen content in niobium, but also the recovery state of niobium for the performance of SRF cavities.
Introduction
The niobium-hydrogen system has garnered great scientific interest over the past century as a representative system for metal-hydride phenomena in an industrially important material. Niobium is highly resistant to corrosion in both basic and acidic environments, and for this reason it is a material of choice for applications such as medical implants, reactor piping, and jewelry. Niobium, however, easily absorbs hydrogen if its protective oxide is compromised [1] , which can significantly impact its properties. Hydrogen reduces the stability of niobium in corrosive media, either via local charge transfer or via elastic strain [2] . Hydride formation is central to the mechanism of hydrogen embrittlement [3] [4] [5] [6] [7] [8] , which affects the durability of steam piping and reactor membranes. Bieler et al. [9] noted that among the body-centered cubic (b.c.c.) metals, niobium exhibits unusual compliance for the standard crystallographic slip systems, creating a situation where dislocations are more stable when compared with other b.c.c. metals. Hydrogen atoms can effectively pin dislocations and other defects [10] , and it is likely that dislocation migration involves dragging a Cottrell atmosphere of hydrogen atoms, along with its elastic strain field, near room temperature [11] .
Of particular concern in the field of accelerator technology are the consequences of dissolved hydrogen and niobium hydride phases on niobium's superconducting properties. Pure niobium is the material of choice for superconducting radio-frequency (SRF) cavities, an enabling technology for high-performance linear particle accelerators, because it has the highest critical temperature (T c ) of all the pure elements (9.25 K) and it is highly malleable, so that it can be formed into the complex shapes required for this technology. The incorporation of impurity atoms into niobium can cause a significant reduction of T c , which has been demonstrated for hydrogen dissolved interstitially in b.c.c. niobium [12] . Furthermore, several niobium hydride phases are not superconducting above 1-2 K [13] [14] [15] .
Unfortunately, the current forming and processing procedures for niobium SRF cavities afford many opportunities for hydrogen to be absorbed. The binding of hydrogen atoms to niobium lattice defects and grain boundaries serves as a potential reservoir of hydrogen [16] ; and in polycrystalline sheets that have undergone cold-working steps, the dislocations and grain boundaries are conduits for hydrogen to the bulk interior, despite the existence of a native oxide coating. Once inside of the niobium, hydrogen can become trapped near the surface due to the elastic strain field [17] [18] [19] [20] [21] [22] [23] [24] [25] . It is therefore not surprising that hydrogen concentrations can be substantial in the near-surface region, to ~100 nm deep, which is relevant to cavity performance. Concentrations of near 50 at.% of hydrogen in niobium samples were recently reported by Y.-J. Kim and D. N. Seidman [26, 27] using atom probe tomography. Ciovati et al. [28] measured the hydrogen content of niobium samples using secondary ion mass spectrometry (SIMS) and report large counts of hydrogen, but were not able to determine a quantitative concentration because the hydrogen diffusivity was too large for calibration. They were able to determine, however, that the hydrogen content was reduced upon heat treatment, and the reduction was correlated with improved cavity performance. In contrast, Romanenko and Goncharova [29] , using elastic recoil detection, found 10-20 at.% hydrogen in the top 100 Å of the niobium samples they studied, and no significant concentration correlation with processing treatments. Since some of their samples were extracted from cavities with different behavior, they suggested that the form in which hydrogen is present, and not the concentration of hydrogen, might therefore be responsible for differences in cavity performance.
The phases that hydrogen forms with niobium have been studied extensively experimentally. The phase diagram, given in a literature review by Manchester and Pitre [30] and summarized by Ricker and Myneni [1] , is displayed in Figure 1 . Disordered interstitial hydrogen in b.c.c. niobium is denoted α (for H concentrations <24 at. %) and α' (for greater H concentrations).
Ordered interstitial hydrogen in face-centered niobium occurs at higher H concentrations and lower temperatures, and consists of the β (orthorhombic, H/Nb ≈ 1), δ (cubic, H/Nb ≈ 2), and ε (orthorhombic, H/Nb ≈ ¾) phases. The phases, λ and λ c , and others, which are indicated by dashed lines, are not well established. It is possible for multiple hydride phases to occur simultaneously [31] .
Figure 1.
Nb-H phase diagram [30] . The α and α' niobium hydride phases consist of interstitial hydrogen atoms dispersed in body-centered cubic (b.c.c.) niobium at differing low hydrogen concentrations, the β phase consists of face-centered orthorhombic (f.c.o.) niobium with ordered hydrogen interstitials and with an ~NbH stoichiometry, the δ phase has the fluorite structure with hydrogen in the tetrahedral sites of face-centered cubic (f.c.c.) niobium and an ~NbH 2 stoichiometry, the ε phase is structured like the β phase with the ~Nb 4 H 3 stoichiometry, and λ and λ c phases are experimentally unconfirmed niobium hydride phases.
Several factors, aside from temperature and concentration, can affect the formation of hydrides. As discussed in a review by Khaldeev and Gogel [2] , dissolved hydrogen atoms can become trapped by several mechanisms: (1) the elastic strain that they impart to the niobium lattice upon absorption, known as self-trapping; (2) interaction with other dissolved impurities; and (3) absorption into lattice imperfects -point, line and planar. Trapping enthalpies and their effects on hydrogen diffusion have been evaluated experimentally, and theoretical models have been constructed to include elastic, electronic, and tunneling contributions -a book by Fukai [32] provides detailed information about these topics as well as references to many prior studies. It is difficult, however, to separate the effects of self, impurity, and defect trapping in physical experiments; and fundamental pieces of information about the behavior of hydrogen in niobium is still missing. Furthermore, extension of fundamental hydrogen behavior in niobium to SRF cavity processing is very challenging.
It is well known that hydride precipitates disrupt local superconductivity [33, 34] . While small niobium hydride precipitates should be weakly superconducting due to the proximity effect [35] when they are embedded in a niobium matrix; they are nonetheless problematic under RF operating conditions because very strong currents, of order H RF /λ, are induced next to the cavity wall. Here H RF is the RF magnetic field amplitude and λ is the magnetic penetration depth. Strong RF dissipation then occurs when the depairing current density for these coupled precipitates is exceeded [36] . For niobium the RF flux density, μ 0 H RF where μ 0 is the permeability of free space, can be >100 mT at the equatorial regions of SRF cavities and λ is ~40 nm. Hence, the surface currents decay with depth from ~10 12 Å m -2 . A drop in the cavity quality factor, Q, as H RF increases is commonly observed (called Q drop), to which the onset of dissipation by small hydride precipitates may be a chief contributor. Recently, Romanenko et al. [37] observed the presence of hydride precipitates in SRF cavity regions that began to warm when μ 0 H RF exceeded 100 mT, whereas regions that did not exhibit heating also did not exhibit precipitates.
Large precipitates gain little or no benefit from the proximity effect, and produce dissipation at the onset of the RF magnetic field. The maximum size of a precipitate that can benefit from the proximity effect is determined by the coherence length, ξ, in the precipitate. Since the hydride phases are metallic, ξ = (hv F )/(2πk B T), where h is Planck's constant, v F is the Fermi velocity, k B Boltzmann's constant, and T is the temperature in degrees Kelvin. Assuming v F is similar in niobium and niobium hydride, and the cavities are operated at 2 K, we estimate a lower limit for the diameter of problematic precipitates to be ~ 0.5 μm. SRF cavities that are heavily loaded with hydrogen (>2 wt. ppm [38] ) commonly exhibit a fall-off of Q immediately with the application of H RF (called Q sickness or Q disease [39] ). This may be due to large hydride precipitates.
In this article we present computational modeling of the α, α', β, and ε phases of the niobiumhydrogen system, for which we have determined the phase properties from density functional theory (DFT) based calculations. We assess the roles of interstitial sites and Nb lattice vacancies for sequestering hydrogen, and discuss the nucleation of precipitates. We also examine the role of lattice strain, which may provide low energy pathways for hydrogen migration to newlyformed precipitates. We generalize our results to extended imperfections, which are computationally intense to model but are nonetheless important for SRF cavities.
Methods
All calculations were performed utilizing the Vienna Ab-initio Simulation Package (VASP) [40, 41] , using DFT, periodic boundary conditions, and a plane wave basis set with a 400 eV kinetic energy cutoff. The generalized gradient approximation (GGA) was used with the Perdew, Burke, Ernzerhof (PBE) exchange-correlation functional [42] , and the core electrons were described by the projector-augmented-wave (PAW) pseudopotentials [43, 44] .
All of the structure optimizations were calculated with all of the atom and cell degrees of freedom relaxed. Forces were converged to 0.02 eV/Å. The geometry was optimized for each crystal structure with a 0.25 Å -1 gamma-centered Monkhorst-Pack [45] k-point mesh. The partial occupancies for the wavefunctions were set by the 1 st order Methfessel-Paxton method with a smearing width of 0.2 eV. The Bader method [46] [47] [48] was used to assign charges to individual atoms.
The interactions between interstitial hydrogen atoms and the niobium lattice were assessed in 4x4x4 unit cells (128 atoms) of b.c.c. niobium. The calculated lattice constant in the absence of impurity atoms is 3.32 Å, which is in good agreement with the experimental lattice constant of 3.30 Å [49] . Tetrahedral and octahedral interstices were considered for impurity absorption. This unit cell was also used to assess the interactions between hydrogen atoms and a niobium lattice vacancy. The vacancy was created by removing one niobium atom, which corresponds to a vacancy concentration of ~0.8 at.%. The calculated vacancy formation energy is 2.71 eV, which is in good agreement with the experimentally determined range of 2.6-3.1 eV given in a review by Schultz and Ehrhart [50] and other first principles calculations [51, 52] .
The niobium hydride structures were modeled as follows: β (NbH, 4 formula units per unit cell), and ε (Nb 4 H 3 -NbH with one H atom removed from the unit cell containing 4Nb and 4H atoms). Both the cccm and cmma structures were considered for NbH and the formation of Nb 4 H 3 . The lowest energy structures resulted from the cccm NbH in both cases, and further analyses were only performed on these structures. The calculated lattice parameters for NbH are 3.50, 4.88, and 4.93 Å, which are within ~1% of the experimental values [53] . The α and α' niobium hydride phases were modeled as b.c.c. niobium (16 atoms per unit cell) with hydrogen atoms inserted into tetrahedral interstices. The properties for each concentration considered are reported as an average from two disordered configurations. An ordered configuration was also considered for the Nb 16 H 16 structure, which did exhibit some significantly different properties from the disordered structures, and is presented in this article for comparison.
Several energetic properties are discussed in the results section for comparison between structures. Binding energies were calculated from various reference states, as were appropriate for the discussion, and these are specified in the results section. Self-trapping energies were calculated as the difference between the impurity configuration optimized in a relaxed niobium lattice versus that optimized in a rigid niobium lattice. Strain energies were calculated as the difference between the ideal b.c.c. niobium lattice and the lattice expanded by the impurity atom. Zero-point energy (ZPE) is included in all energy calculations, and was calculated from the formula E = 0.5hΣν i , where h is Planck's constant and ν i are the frequencies of the vibrational modes. The vibrational frequencies were determined from the Hessian matrix, which was created via a finite differences approach with a step size of 0.015 Å. The vibrational frequencies have been calculated for all of the atoms in the Nb 16 H x unit cells. The change in zero-point energy is approximated for unit cells containing 127 or 128 niobium atoms as resulting only from the difference in vibrations of the impurity atoms. For example, the zero point energy associated with the migration of H from an interstitial absorption site in b.c.c. niobium to an absorption site in a niobium lattice vacancy is calculated as ZPE(Nb 127 H, H only relaxed) -ZPE(Nb 128 H, H only relaxed).
Results and Discussion

Dissolved hydrogen in body-centered cubic niobium
Niobium absorbs hydrogen exothermically. The calculated absorption energy for hydrogen in tetrahedral sites is -0.28 eV relative to H 2 in the gas phase and pure b.c.c. niobium, which is in good agreement with previous DFT calculations [54, 55] and the experimental heat of solution [56, 57] . Hydrogen was found to be unstable in octahedral sites. Because niobium has a smaller Pauling electronegativity than hydrogen, 1.6 [58] and 2.2 [59] , respectively, hydrogen becomes somewhat anionic when dissolved and expands the radius of a tetrahedral site from 0.52 Å to 0.59 Å. The lattice deformation causes 'self-trapping' of the hydrogen atom at strength of 0.18 eV. Hydrogen gains 0.65 e upon dissolution. The calculated absorption energy, charges, and lattice strain energies for the hydrogen are listed in table 1 and the absorption geometry is depicted in figure 2 . Dissolved hydrogen atoms can be trapped by other hydrogen atoms as well as other interstitial impurities. Experimental studies have shown that one dissolved oxygen or nitrogen atom can trap one hydrogen atom in a nearby interstitial site at a strength of ~ 0.1 eV [60] [61] [62] . Since dissolved oxygen, nitrogen, and carbon may all be found in SRF niobium [63] , we have assessed their interaction with dissolved hydrogen and the niobium lattice and present the results in another publication [64] .
Interaction between hydrogen and niobium lattice vacancies
The charge distribution, absorption energy, and lattice strain energy caused by different amounts of hydrogen absorbed into a niobium lattice vacancy are given in table 2. The absorption geometry of one hydrogen atom in a niobium lattice vacancy is displayed in figure 2 , and is similar to octahedral binding with one niobium atom missing. The addition of one hydrogen atom to a vacant niobium lattice site causes a reduction in the charge on the hydrogen by 0.09 e and change in bonding from four niobium atoms with a +0.14 e charge to four niobium atoms with a +0.13 e charge and one with a +0.11 e charge. As more hydrogen atoms are added to the vacancy, the charge on the hydrogen atoms is only slightly reduced; the charge, however, on the four niobium atoms with longer bonds to each hydrogen atom (type b, see figure 2 ) continues to increase. The lowest energy configuration consists of six hydrogen atoms, each filling one of the six symmetrically equivalent octahedral-like binding sites in the vacancy. Furthermore, we have found that hydrogen can continue to cluster around a vacancy after six hydrogen atoms have entered the vacancy at small energy gains (we attempted to add up to 6 additional hydrogen atoms), indicating that a niobium lattice vacancy can serve as a nucleation center for hydride phase formation. [68, 69] have performed several studies on hydrogen in niobium vacancies using positron annihilation, showing the existence of vacancies containing up to four hydrogen atoms; however, based on calculations at several levels of theory, they predicted that the mean-positron life-time in a one-vacancy-six hydrogen cluster would be nearly the same as in the bulk niobium, so they would not be able to detect this arrangement. Both Čížek et al. and Koike et al. measured an increase in vacancy concentration with increasing hydrogen concentration, although the hydrogen-induced vacancy concentration remained three orders of magnitude smaller than the total hydrogen concentration, and was comparable to the expected thermally-induced vacancy formation near the melting point. Rao, et al. showed a similar result based on DFT and statistical modeling [55] . The addition of hydrogen to metals including niobium is believed to induce vacancy formation, since several neighboring hydrogen atoms would be energetically stabilized by the presence of a vacancy [70, 71] . We find that the absorption energy of a single hydrogen atom into a vacancy is 0.41 eV greater than into a tetrahedral interstitial site. The total calculated absorption energy of six hydrogen atoms into a lattice vacancy from tetrahedral interstices is -2.05 eV, which would reduce the formation energy of a vacancy to ~0.66 eV. Figure 3 shows the energy difference between isolated interstitial hydrogen atoms occupying tetrahedral sites in b.c.c. niobium and the various niobium-hydride phases. These results highlight the thermodynamic favorability for the phase changes to occur at specific concentrations. The general shape of the solid-solution plot indicates that continual dissolution of hydrogen into niobium is favored with increasing hydrogen content up to a certain concentration at which the trend reverses. This behavior is common among transition metals and is related to a balance of the effects of metal lattice strain, hydrogen-metal attraction, and hydrogen-hydrogen repulsion [32] . A closer look at the plot reveals a distinct change in interaction energy at an atomic ratio of hydrogen to niobium (H/Nb) of 0.32. Prior to this point the energy decrease was mild with increasing hydrogen concentration, and afterwards the energy difference increases more quickly. This correlates with a change in the elastic modulus, which signals the phase change from the α to the α' phase. The addition of more hydrogen atoms continues to drive the energy decrease until an H/Nb ratio of 0.75 is reached, at which point the ordered face-centered orthorhombic (f.c.o.) phases ε and β become energetically favored. While a configuration of ordered hydrogen in the tetrahedral interstices of b.c.c. niobium is plausible, this configuration is found to be higher in energy than that of f.c.o. β. The importance of charge distribution for phase formation was suggested by Aboud and Wilcox [54] , who studied the electronic charge state of hydrogen in niobium, vanadium, tantalum, palladium and palladium-niobium alloys utilizing DFT and Bader charge analysis. They found an increase in hydrogen's electronic charge, the host metal's lattice parameter, and the absorption energy for hydrogen into vanadium and tantalum for an increase in hydrogen concentration from 0.0625 to 0.125 H/host atomic ratio; however, the electronic charge on hydrogen decreased when the hydrogen concentration was further increased to 0.25 H/host ratio. The reduction in hydrogen charge was accompanied by an increase in absorption energy and host lattice parameter. When the concentration was increased to 0.5 H/host ratio, they calculated a higher H charge and smaller absorption energy. The transition to the β phase for vanadium and tantalum occurs at 0.5 H/host ratio. They explained their observations as competition between short-range repulsion between the dissolved hydrogen atoms and the attractive interaction between the hydrogen and host metal. Once short-range repulsion overtakes the attractive interaction a phase change will occur from solid solution to β phase. They also suggested that minimizing the hydrogen charged is favored, but the data were not definitive. For niobium, they found the increase in hydrogen concentration caused an increase in hydrogen's electronic charge, niobium's lattice parameter, and the energy of absorption of hydrogen into niobium for all of the concentrations that they studied; however, they did not include results past the pure β phase onset at H/Nb ratio ~0.7.
Geometric and electronic aspects of niobium-hydride phase changes
We performed a Bader analysis on representative concentrations of hydrogen in niobium for the α, α', ε, and β phases, and present the results in table 3. The electronic charge on the hydrogen atoms, absorption energy, and self-trapping energy are all approximately the same for the two concentrations that we examined in the α phase, however the charge on the bonded niobium atoms varies within each configuration for H/Nb atomic ratios greater than 0.0625. The absorption and self-trapping energies both increase in the α' phase, and the electronic charge on the hydrogen atoms varies within each configuration at higher concentrations. The average value for the α' phase is -0.66 e. The average electronic charge on the hydrogen atoms slightly decreases for the 0.75 H/Nb (b.c.c.) system to -0.65 e and further decreases to -0.64 e for 1.00 H/Nb (b.c.c.). Table 3 . Charges on niobium atoms bound to hydrogen atoms and on the hydrogen atoms; absorption energies of hydrogen referred to b.c.c. niobium and gas phase hydrogen molecules; and self-trapping and lattice strain energies caused by the absorption of hydrogen. Consideration of the f.c.o. ε and β phases allows for a greater H charge than the b.c.c. phases at the same concentrations, and the charges on the niobium atoms do not vary within the ε or β phases. The calculated lattice strain energies are also given in table 3 and show that the strain is similar in the f.c.o. and b.c.c. phases at the same hydrogen concentrations; therefore the transition to the f.c.o. phases occurs to maximize the electronic interaction between the niobium and hydrogen constituents. This assertion is confirmed by the fact that the NbH configuration with ordered hydrogen atoms in b.c.c. niobium has a greater absorption energy and hydrogen charge than the configuration with disordered hydrogen atoms, but both of these properties are smaller in magnitude than they are for the f.c.o. (β phase) configuration. Additionally, the shortest Nb-H bond in the β phase is 1.94 Å, which is shorter than the shortest Nb-H bond in the ordered configuration of hydrogen in b.c.c. niobium (1.95 Å). Hydrogen-hydrogen repulsion is also reduced in the β phase compared to the ordered configuration of hydrogen in b.c.c. niobium, as the nearest neighbor H-H distances are 2.47 Å and 2.42 Å, respectively.
Application to niobium superconducting radio frequency cavities
SRF cavities made from pure niobium undergo an elaborate fabrication and processing regimen to optimize the cavity quality factor and the accelerating gradient. Beginning with the ingot, forging and rolling occur, which create vacancies and dislocations that can sequester hydrogen. After Nb sheets are rolled, they are annealed at 700-1000 °C to recrystallize the niobium and degas the dissolved hydrogen, but then the half-cells are plastically deep-drawn, which reintroduces lattice imperfections. The half-cells are then welded together, which creates a further damaged zone near the weld bead. Chemical or electrochemical polishing with strong acids is applied to remove the surface layer that was damaged from forming. Not only do these chemical processes provide a source of hydrogen, they also remove the protective oxide coating on the niobium, affording the possibility for hydrogen to dissolve in it. This has been recognized [74] and therefore a high-temperature high-vacuum anneal (800 °C for 2 hr or 650 °C for 10 hr), is employed. But are cavities hydrogen or hydride free at this point? Hydrogen gas is detected in and removed from the furnace during heat treatment; however, various recent experimental studies (see introduction section) have shown that large hydrogen concentrations (10-50 at. %) are still present in the near-surface region.
Niobium forms an oxide coating if exposed to air or water, so the cavity immediately reforms an oxide surface layer once it is removed from the acid bath. However, as explained in the introduction section, the hydrogen already absorbed into the niobium is attracted to the near surface region due to the lattice strain field. In this study, we have explained the effect of the strain field in the niobium lattice on the relative stability of niobium-hydrogen complexes. The strain field also strongly affects the diffusion of the hydrogen in niobium. Blomqvist, et al. [75] showed via ab initio molecular dynamics simulations that different activation energies characterize hydrogen diffusion in the regions 400-650 K, 650-1500 K, and at temperatures greater than 1500 K. They attributed this effect to a difference between the average Nb-H bond length in each temperature regime, which leads to unbinding to different degrees. At temperatures below room temperature the hydrogen plus binding-site pair and the strain field are considered to be fully coupled, and at temperatures below 244 K phonon-assisted tunneling dominates hydrogen diffusion [76] . The strain field also correlates with hydrogen concentration, as demonstrated by nuclear magnetic resonance [77] and Gorsky effect [78] studies, which display increasing activation energies for hydrogen diffusion in the α and α' phases with increasing hydrogen concentration. Our calculations support these observations because we find an increase in strain energy with increasing concentration, and we also find an increase in the self-trapping energy per hydrogen atom. All of these observations imply that as the hydrogen concentration increases or temperature decreases, hydrogen's diffusivity decreases. Imperfections in the niobium lattice such as vacancies and dislocations, however, expand sites in the niobium lattice, thereby proving sites with lower energy barriers for hydrogen to hop between. This increases hydrogen's diffusivity and provides pathways for hydrogen atoms to find each other and form precipitated phases. Based on these assessments, two changes to the SRF cavity processing procedure might be considered: A cold acid polishing process, which might be selfarresting for hydrogen uptake, and annealing cavities prior to heavy chemical polishing, which will eliminate many of the defects that can enhance hydrogen uptake.
Our results show that the trapping energy of hydrogen by lattice vacancies is significantly greater than the trapping energy of hydrogen by other dissolved hydrogen atoms, which suggests the favorability of heterogeneous nucleation of hydride phases over homogeneous nucleation. The relative binding strengths of hydrogen in niobium in the different situations examined in this study are depicted in figure 5 . Since high temperature high vacuum de-gassing removes many of the dislocations and other imperfections introduced by metal forming, nucleation of large precipitates along extended defects should be rare. The reduction of nucleation centers for large precipitates may be an under-appreciated change that occurs during the de-gassing treatment and repair of Q disease. Only recently has the SRF community begun to consider the relief of lattice imperfections in cavity processing, and we suggest continued studies. For example, in situ measurements of hydride precipitate stoichiometry and size at different levels of recovery could prove to be very useful. Finally, there are several reasons to eliminate the α' phase, even in the absence of heterogeneous nucleation centers. First, we have shown the favorability in terms of the electronic interaction for the α' phase to transform to the β or ε phase at high hydrogen concentrations. Second, Jisrawi et al. [12] demonstrated that T c decreases with increasing hydrogen concentration in the solidsolution phases, so the performance of the SRF cavity could still be affected in the absence of ordered hydride phases.
Summary
We have performed a density functional theory study of hydrogen in niobium. We evaluated hydrogen in interstitial lattice sites, hydrogen in niobium lattice vacancies, and the formation of the α, α', ε, and β phases of niobium hydride. We discussed charge transfer from niobium to hydrogen (due to hydrogen becoming somewhat anionic in all cases), niobium lattice strain energy, and hydrogen-hydrogen repulsion as drivers for changes between phases. We compared homogenous to heterogeneous nucleation on lattice vacancies of ordered hydride phases. We found specifically:
• The absorption energy of hydrogen in niobium is -0.28 eV, and hydrogen gains 0.65 e upon absorption into a tetrahedral site. Hydrogen is not stable in octahedral sites in our model.
• A single vacancy in the bcc niobium crystal lattice is able to absorb significant amounts of hydrogen, being most stable for six hydrogen atoms, and the system energy continues to decrease with additional hydrogen atoms absorbing near the vacancy. Thus single lattice vacancies can serve as nucleation centers for hydride phases.
• Phase changes from disordered hydrogen in body-centered cubic niobium to ordered hydrogen in face-centered orthorhombic niobium occur to maximize the charge transfer from niobium to hydrogen and to minimize the repulsion between hydrogen atoms.
• Self-trapping energies increase with increasing hydrogen concentration, indicating that hydrogen diffusion is hindered with increasing hydrogen concentration.
The results were discussed in terms of the processing of niobium superconducting radiofrequency cavities. The tendencies to cluster hydrogen near niobium lattice vacancies (and, by extension, clusters of vacancies and extended lattice defects) drive the formation of hydride precipitates upon cooling a cavity in preparation for superconducting operation. Hydride precipitates can then disrupt the flow of RF currents and possibly result in the reduction of cavity quality factor. The importance of removing both hydrogen and hydride phase nucleation centers from the cavities to prevent Q disease and Q drop was stressed, and in situ experimental studies of precipitate size and structure at various stages of recovery were advised. Finally, we recommend consideration of two changes to the cavity processing procedure: using cold acid for chemical polishing and annealing the cavities prior to chemical treatment.
